The title compounds were synthesized from RE, REI 3 (RE = Ce, Gd, Y) and Al or Ga under an Ar atmosphere at 930 -950 • C. The non-stoichiometric Ce 2+x I 2 Al 2+y and Ce 2+x I 2 Ga 2+y compounds crystallize in the space group R3m (No. 166) with lattice constants a = 4.3645(3), c = 35.914(2)Å for the Al and a = 4.3009(2), c = 35.680(4)Å for the Ga compound. Excess electron density found in the Wyckoff position 3a could be due to a fractional occupation by Ce or M (x = 0.06, y = 0 or x = 0, y = 0.11 in the case of the Ga compound). The stoichiometric Gd 2 I 2 Ga 2 and Y 2 I 2 Ga 2 compounds crystallize in the space group P3m1 (No. 164) with lattice constants a = 4.1964(1) and 4.1786(7)Å, c = 11.4753(4) and 11.434(2)Å, respectively. Their structures feature M-centered (M = Al, Ga) RE trigonal prisms condensed via common rectangular faces. The electronic origin of the surplus of metal atoms in the octahedral voids between the I-layers of the Ce compounds was explored via extended Hückel-type calculations. Magnetic susceptibility, electrical resistivity and heat capacity measurements have also been carried out. These reveal a metal-insulator transition of Gd 2 I 2 Ga 2 at 40 K.
Introduction
Reduced rare earth metal halides have demonstrated extremely rich chemistry and structural variations [1 -4] . They typically have metal octahedra or trigonal prisms as their building units [5 -9] . These polyhedra usually contain a third element at their centers. In the case of trigonal prism based structures, these units as a rule condense into two-dimensional layers by sharing their common rectangular faces. As a result, the element that centers the trigonal prisms can form a two-dimensional extended network of triangular, pentagonal, hexagonal or even octagonal rings [2, 10, 11] . The honeycomb network is particularly interesting, as it can be planar or puckered depending on its environment and electronic configuration [12] . In this contribution, we report four new compounds of this type.
Experimental Section
Synthesis RE metals (RE = Ce, Gd, Y) (sublimed, 99.99 %; AlfaAesar, small pieces), REI 3 and Al or Ga (99.99 %; Aldrich) 0932-0776 / 07 / 0500-0633 $ 06.00 © 2007 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com were used as starting materials. CeI 3 was synthesized from the reaction of Ce metal with I 2 . GdI 3 and YI 3 were prepared from the reaction of the oxides (99.9 %) with HI and NH 4 I. REI 3 were purified twice by sublimation in a Ta tube before being used. Due to the air and moisture sensitivity of the starting and product materials, all handling was carried out under Ar atmosphere either in a glovebox or through standard Schlenk technique.
The mixtures (∼ 1 g) of the starting materials in an atomic ratio 1 : 1 : 1 were arc-sealed in Ta tubes under an Ar atmosphere. The Ta tubes were then sealed into silica glass ampoules under a vacuum of ca. 10 −2 mbar. The reaction temperature 930 • C was kept 15 days for Ce/I/Al, 10 days for Ce/I/Ga, and 15 days for Gd 2 I 2 Ga 2 . Y 2 I 2 Ga 2 was prepared at 950 • C (10 days). A powder sample of Tb 2 I 2 Ga 2 was also prepared at the same reaction conditions as for Gd 2 I 2 Ga 2 . Its powder X-ray pattern showed that it is isostructural to Gd 2 I 2 Ga 2 with lattice constants a = 4.1807(7) and c = 11.438(3)Å. However, the sample contained some oxide halide according to its Guinier pattern.
After the reactions, the ampoules were opened under Ar atmosphere. Many metallic golden thin platelets were observed in the products (Fig. 1) 
Fig. 1. SEM image of Ce 2+x I 2 Ga 2+y crystals.
of single crystals, using a TESCAN scanning electron microscope with an Oxford EDX detector, confirmed the presence of the component elements in the average atomic ratio of 1 : 1 : 1 with a possible experimental error of approximately 10 %.
Structure determination
The reaction products were ground to fine powders under an Ar atmosphere and sealed in glass capillaries for phase identification by a modified Guinier technique [13] (CuK α1 : λ = 1.54056Å; Si as internal standard with a = 5.43035Å; Fujifilm BAS-5000 image plate system). Single crystals of the Y and Ce compounds were transferred to glass capillaries under Na-dried paraffin oil and sealed under Ar atmosphere. They were first examined by the precession technique before being characterized on a Bruker CCD or a Stoe IPDSII diffractometer. The structures were solved with Direct Methods using the SHELXS and SIR97 programs [14, 15] . Fullmatrix least-squares refinement on F 2 was carried out using SHELXTL [14] . The structure of the Gd compound was determined by powder diffraction data based on the Rietveld profile refinement method using FullProf [16] .
Ce 2+x I 2 Al 2+y and Ce 2+x I 2 Ga 2+y crystallize in the rhombohedral space group R3m (No. 166) with Z = 3, whereas Gd 2 I 2 Ga 2 and Y 2 I 2 Ga 2 crystallize in P3m1 (No. 164) with Z = 1. The crystallographic information including the fractional coordinates and interatomic distances of these compounds is listed in Tables 1 to 5 . Further details on the crystal structure investigation are available. 
Computational study
The density of states (DOS) and the crystal orbital overlap population (COOP) [17] curves were computed using both the tight-binding extended Hückel method (EH) [18, 19] and the self-consistent linear muffin-tin orbital density functional scheme using the local density approximation (LDA) as implemented in the Stuttgart-TB-LMTO-ASA program [20] . The electron localization function (ELF) [21 -28] was also calculated using the LDA method. Approximately 500 k points in the irreducible wedge of the Brillouin zone were used in the EH computation of the DOS and COOP curves. More than 1000 k points in the whole Brillouin zone were generated in the LDA calculations. These k points were then reduced to the irreducible wedge of the Brillouin zone. The EH parameters used in the computation are listed in Table 6 .
Physical property measurements
For conductivity measurements, the polycrystalline samples were pressed into pellets of 5 mm in diameter and ca. 2 mm thickness. The conventional four-point van-der-Pauw method [29] was used to measure the resistivities. The magnetic susceptibilities were determined with a MPMS SQUID magnetometer (Quantum Design) using sample quantities of ca. 50 mg. The heat capacities were measured with a PPMS 6000 system (Quantum Design) on samples of ca. 20 mg (Gd 2 I 2 Ga 2 and Y 2 I 2 Ga 2 ) and with the quasi-adiabatic stepheating method (Nernst's method) on a powder sample of ca. 0.4 g, which was encapsulated in a glass ampoule under 1 bar He gas to ensure thermal coupling. The heat capacity of the glass ampoule was determined in a separate run and subtracted in the case of Ce 2+x I 2 Ga 2+y [30] .
Results and Discussion

Crystal structures
Ce 2+x I 2 Al 2+y and Ce 2+x I 2 Ga 2+y are isostructural to Y 2 Br 2 Fe 2+x and feature Al and Ga centered Ce trigonal prisms, respectively, condensed into twodimensional layers propagating in the a and b directions (Fig. 2) [31] . These layers stack along the c axis with the I atoms between them. The sequence of each layer I-Ce-(MM)-Ce-I follows a close-packing pattern cA(bc)Ab. In the layer below, the first I atom sheet then shifts to the a position, and the layer packing becomes aB(ca)Bc. In the second layer below, the sequence is bC(ab)Ca, and the pattern then repeats itself. Within a layer, the Al or Ga atoms connect to form a twodimensional honeycomb net which is slightly puckered with an Al-Al-Al angle of 118.9 • and a Ga-GaGa angle of 115.1 • . The Al-Al and Ga-Ga distances are 2.5339(5) and 2.5485(5)Å, respectively. These are comparable to the sum of covalent radii of two Al (2 × 1.25Å in Pauling scale) or Ga atoms (2 × 1.26Å). The shortest Ce-Ce distances are 4.217 and 4.242Å in the Al and Ga compounds along the rectangular edge of the Ce 6 trigonal prism.
In the structure refinement significant excess electron density is found in Wyckoff site 3a, i.e. at the centers of the trigonal antiprisms formed by the I atoms. The distances from the centers to the adjacent I atoms are 3.058 and 3.021Å in the Al-and Ga-containing compounds, respectively. In the isostructural com- pound Y 2 Br 2 Fe 2+x the corresponding excess scattering density has been assigned unambiguously to additional Fe atoms by XPS measurements [31] . Refinement of the Al-containing compound as Ce 2 I 2 Al 2+y resulted in an unreasonable value y = 1.29. With Ce in the position 3a the structure refined as Ce 2.29 I 2 Al 2 . Alternative refinements of the Ga-containing compound as either Ce 2.06 I 2 Ga 2 or Ce 2 I 2 Ga 2.11 converged to only marginally different R values. The slightly increased magnetic moment (vide infra) is in fact in favor of an excess of Ce. However, the metal-to-iodine distances are somewhat short for Ce 3+ if one compares to the sum of ionic radii of Ce 3+ (1.01Å) and I − (2.20Å). Ce 4+ in an iodide can be ruled out for chemical reasons. In conclusion, a definite decision about the occupation of the 3a position cannot be made at present.
The compounds Gd 2 I 2 Ga 2 and Y 2 I 2 Ga 2 crystallize in the space group P3m1 (Fig. 3) and are isostructural to Ce 2 I 2 Si 2 and La 2 I 2 Ge 2 [3, 12] . We will focus our discussion on the Gd compound. The Gacentered Gd 6 trigonal prisms are condensed into a twodimensional layer in the same fashion as for the previously discussed Ce compounds. The only difference lies in the stacking of these layers. In Gd 2 I 2 Ga 2 the I-Gd-(GaGa)-Gd-I layer stacks on top of the previous one without the shift of the I sheet as in the Ce compounds. Thus the lattice type is primitive and the cell volume is 1/3 of that of the rhombodedral lattice of the Ce compounds. Because of this direct stacking, the distance from the center of the void between the I layers to a nearest Gd atom is 3.684Å. This distance would likely be too short for an occupation of the void by an additional metal atom. The Ga node in this honeycomb net is also puckered with the Ga-Ga-Ga angle equal to 115.1 • . The Ga-Ga distance is 2.487Å and the shortest Gd-Gd distance, again along the rectangular edge of the Gd 6 trigonal prism, is 4.108Å. The shorter Gd-Gd distance compared to that of Ce-Ce is as expected considering the atomic radii.
Electronic structure
For the stoichiometric compounds a formal electron partition as (RE 3+ ) 2 (I − ) 2 (M 2− ) 2 implies that they are electron-precise leaving no valence electrons in the RE framework. The M 2− species of the honeycomb net is valence isoelectronic to N, and a pyramidal configura- tion at the Al or Ga node is therefore expected from an electronic point of view as well as from the positions of the nearest I atoms. Within this picture, all states below the Fermi level will contribute to bonding as confirmed by the EH COOP curves of representative atom contacts calculated for the stoichiometric Ce 2 I 2 Ga 2 structure shown in Fig. 4 . In this figure, the features in the Ce-I COOP curve are relatively sharp, as it is typical for an ionic interaction. The Ga-Ga states spread over a large energy range due to the extended Ga-Ga covalent bonding within and between cells. The features remain essentially the same in a calculation for nonstoichiometric Ce 2+x I 2 Ga 2 . Assuming a composition Ce 2 I 2 Ga 2+y (Fig. 5) , the Ga1-I antibonding state will be occupied even for y = 0 because Ga is more electronegative than Ce. Hence the Ga1-I antibonding states will be lower in energy than those of the Ce1-I interaction. Consequently, the EH calculation also supports the Ce occupancy of the 3a site. For Y 2 Br 2 Fe 2+x , the d orbitals of Fe complicate the matter further and the Fe occupancy is favored [31] .
The pyramidal configuration at the Al/Ga site in the puckered honeycomb net leaves lone pairs which are clearly seen in the ELF plot in Fig. 6 calculated through the LDA method for the three compounds. However, there is a back donation of electrons especially from the lone pairs to the rare earth metal framework. The EH estimate (usually an overestimate) is 1.3 electrons donated to Ce 3+ per Ga 2− species in the idealized Ce 2 I 2 Ga 2 composition. The question of why Gd 2 I 2 Ga 2 is a stoichiometric compound can not be answered by purely electronic reasons. An occupation of the voids between I atoms results in unreasonably short Gd-Gd contacts, mentioned above as a structural argument. Experiments with La 2 I 2 Ge could serve as a test case, because it crystallizes in both the R3m and P3m1 space groups at different reaction temperatures, 1050 • C for the former and 1175 • C for the latter [12] . Y 2 I 2 Ga 2 shows the typical decrease of the resistivity with decreasing temperature characteristic of metallic behavior (Fig. 7a) . The r. t. resistivity of Y 2 I 2 Ga 2 amounts to about 1 mΩcm and decreases by about one order of magnitude on cooling to liquid-He temperature. The r. t. resistivity of Gd 2 I 2 Ga 2 is about an order of magnitude larger and remains constant down to a temperature of about 100 K. Below this temperature the resistivity starts to grow and undergoes a rapid increase by about two orders of magnitude in a rather narrow temperature interval around 40 K. Below this regime the resistivity starts to level off and saturates at a value of 100 Ωcm at lowest temperatures. We ascribe the rapid growth of the resistivity by two orders of magnitude to a metal-insulator transition. The heat capacity data (Fig. 7b) and the magnetic susceptibility (Fig. 7c) indicate a strong correlation of this transition with magnetic anomalies. The magnetic susceptibility ( Fig. 7c) shows a Curie-Weiss behavior (solid line, inset Fig. 7c ) with a slope corresponding to an effective magnetic moment of 8.04(3) µ B consistent with the expected effective moment of 7.93 µ B for Gd 3+ with a 4 f 7 electronic configuration and a spin-only 8 S 7/2 ground state. The excess effective moment of 0.1 µ B corresponds to an excess of about 3 % Gd atoms. The paramagnetic Curie temperature is negative indicating predominant antiferromagnetic exchange interactions and amounts to −36(2) K. Below about 100 K the magnetic susceptibility deviates from the Curie-Weiss behavior due to beginning antiferromagnetic correla-tions. The low-field magnetic susceptibility (measuring field 0.1 T) reveals a thermal hysteresis characterized by a splitting of the field cooled (fc) and zero-field cooled (zfc) susceptibility branch below about 25 K. The electrical and magnetic anomalies around 100 K are also visible in the magnetic contribution to the heat capacity. Gd 2 I 2 Ga 2 shows an excess heat capacity of magnetic origin which starts to grow below ∼ 100 K and becomes clearly visible if we subtract from the heat capacity of Gd 2 I 2 Ga 2 that of Y 2 I 2 Ga 2 . The latter can be considered to represent the lattice contributions to the heat capacities, neglecting the 10 % difference due to the different masses of Y and Gd. The thus obtained magnetic contribution to the heat capacity of Gd 2 I 2 Ga 2 is spread over the whole temperature regime below 100 K. There is no sharp (λ -type) anomaly in the heat capacity indicating a transition to a long-range ordered magnetic phase. Rather, a broad maximum is found between 30 K and 10 K, exactly in the temperature regime where the metal-insulator transition is seen in the electrical resistivity. Below ∼ 10 K the magnetic heat capacity decreases again according to a power law C mag ∝ T 2 common for spin wave contributions of a two-dimensional antiferromagnet. If we integrate C mag /T to obtain the magnetic entropy removed below 100 K we find a value consistent with R ln(2 × 7/2 + 1) = 17.3 J/molK as expected for an S = 7/2 spin system.
Magnetic and electrical properties
The magnetic properties of Ce 2+x I 2 Ga 2+y (x = 0.06, y = 0 or x = 0, y = 0.11) (see Fig. 8 ) show some similarities with that of Gd 2 I 2 Ga 2 . Above ∼ 150 K the magnetic susceptibility follows a modified Curie-Weiss behavior, χ = C/(T − θ CW ) + χ 0 (solid line, upper inset Fig. 8b ) with a negative paramagnetic Curie temperature of −20(1) K and a Curie constant C corresponding to an effective magnetic moment of 2.61 (2) µ B which is in fair agreement with the value of 2.54 µ B expected for a free Ce 3+ ion with a 4 f 1 electronic configuration [32] in a 2 F 5/2 ground state [33] . The excess magnetic moment of 0.07 µ B corresponds to an excess of about 6 %. The diamagnetic contribution γ 0 was estimated from Pascal's increments to −80 × 10 −6 cm 3 /mol (Ce 3+ : −20 × 10 −6 cm 3 /mol; I − : −52 × 10 −6 cm 3 /mol; Ga 3+ : −8 × 10 −6 cm 3 /mol). Below about 30 K deviations from the Curie-Weiss law are seen which arise either from crystal field splitting effects or from exchange interactions. Below ∼ 10 K a sharp increase of the susceptibility is observed when a small external field of 0.01 T is applied. This fea- ture, which is reminiscent of an onset of long-range ferromagnetic or ferrimagnetic ordering with the buildup of a spontaneous magnetization, is readily suppressed by increasing the external field (see lower inset in Fig. 8b ) and a normal paramagnetic behavior is restored. In contrast to the low temperature magnetic behavior of Gd 2 I 2 Ga 2 , the field cooled and zero-field cooled susceptibilities of Ce 2+x I 2 Ga 2+y show almost no thermal hysteresis.
The heat capacity of Ce 2+x I 2 Ga 2+y at ∼ 10 K shows no sharp feature indicative of a transition to a longrange ordered magnetic state. Instead, a broad anomaly develops below ∼ 10 K. This can be described rather well by a Schottky anomaly expected for thermal exci-tations across a two-level system. A Schottky anomaly for a two-level system is given by
where R is the molar gas constant and ∆ the energy difference between the ground state and the excited state. In Fig. 8a we have plotted the heat capacity according to eq. (1) in comparison with the experimental data assuming an energy separation between the ground and the excited state of approx. 11 K.
The origin of such a Schottky anomaly is not fully clear at present. It could be due to an excitation from the ground state doublet to the first excited crystal field doublet. Such an explanation implies that any exchange interaction between the Ce ions is small and essentially single ion behavior is realized. In view of the findings for Gd 2 I 2 Ga 2 , where apparent exchange interactions lead to a broadened magnetic contribution to the heat capacity, one could also attribute the Schottky anomaly to an exchange split ground state doublet assuming that the exchange fields from neighboring Ce 3+ ions are frustrated and long range ordering is suppressed as has been observed for some geometrically frustrated systems [34] .
